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Edited by Shou-Wei DingAbstract To ﬁnd out whether we can control plant virus dis-
eases by blocking viral RNA silencing suppressors (RSSs), we
developed a strategy to screen inhibitors that block the associa-
tion of RSSs with siRNAs using a surface plasmon resonance as-
say. The screened chemicals were tested in competition with
RSSs for binding to siRNAs using a mobility shift assay. We
then conﬁrmed that tested chemicals actually inhibited the
RSS activity in vivo using a protoplast assay which was devel-
oped for this purpose. This entire system can be adapted to
screening inhibitors of not only plant viruses but also some ani-
mal viruses possessing RSSs.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Posttranscriptional gene silencing (PTGS) in plants is trig-
gered by double-stranded RNAs (dsRNAs). The dsRNAs
are processed into 21- to 25-nulceotide (nt) short interfering
RNAs (siRNAs) by a host dsRNA-speciﬁc ribonuclease, Dicer
[1]. The siRNAs are subsequently incorporated into ARG-
ONAUTE (AGO) proteins and serve as a guide for either
sequence-speciﬁc cleavage or translational repression of a tar-
get RNA [2]. Because viral dsRNAs originating from either
replicative intermediates or hairpin structures on viral gen-
omes can become PTGS inducers, PTGS is considered to be
a natural antiviral defense mechanism in plants [3,4]. However,
viruses have evolved a counterdefense strategy, producing
RSSs that interfere with the PTGS pathway [5]. Among RSSs
of plant viruses, HC-Pro of potyviruses, 2b of Cucumber
mosaic virus (CMV) and P19 of tombusviruses have been
extensively studied [6]. These RSSs are structurally diverse,
but many use a common strategy to interfere with the PTGS
pathway by binding to dsRNAs [7–10]. Because mammalian
cells possess the interferon response, which is also triggered
by viral dsRNAs, they do not seem to need an RNA silenc-
ing-based antiviral immune system. However, RNA silencing
does indeed have an antiviral function in mammals, and*Corresponding author. Fax: +81 11 7062483.
E-mail address: masuta@res.agr.hokudai.ac.jp (C. Masuta).
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doi:10.1016/j.febslet.2008.10.046several animal viruses have been shown to encode RSSs that
inhibit RNA silencing [11,12]: e.g., NS1 of inﬂuenza A virus,
the core protein of the hepatitis C virus, Tat of HIV-1 and
VP35 of the ebola virus. Among those RSSs, the ability to bind
dsRNA is also required for the RSS activities of NS1, Tat and
VP35, suggesting that many plant and animal viruses share a
common mechanism to suppress RNA silencing to cause infec-
tion.
The induction of plant disease symptoms or progression of
infection seems to be aﬀected by the activities of viral RSSs.
For example, a CMV isolate, CM95 is used for cross-protec-
tion against CMV diseases in Japan [13] and induces very mild
symptoms, while CM95R is a spontaneous revertant of CM95
and induces severe symptoms. We have previously shown that
the 2b of CM95 (A2b) bound to siRNAs weakly compared to
the 2b of CM95R (R2b), and the PTGS suppression activity of
A2b was lower than that of R2b [10]. Because the binding abil-
ity of a RSS to siRNAs is probably closely linked to its sup-
pressive ability of PTGS, inhibition of the association
between an RSS and siRNAs should lead to disease attenua-
tion or enhanced resistance response to viral infection. There-
fore, if we can artiﬁcially enhance the host PTGS activity or
directly inhibit a viral RSS by applying chemicals to virus-in-
fected plants, we may be able to attenuate viral symptoms.
This possibility encouraged us to develop a system to screen
antiviral chemicals that speciﬁcally interfere with RSSs.2. Materials and methods
2.1. Preparation of suppressor proteins
To develop an inhibitor screening system, we initially used two kinds
of viral suppressor protein: P19 of Tomato bushy stunt virus (TBSV)
and 2b of CMV. The P19 gene was inserted between the NdeI and
BamHI sites downstream of 6 · His-tag sequence in pCold I vector
(Takara-Bio, Shiga, Japan). Escherichia coli BL21 cells were trans-
formed with the construct and the His-fusion protein was expressed
by incubating cells at 15 C overnight. After centrifugation, the cell
pellets were sonicated, clariﬁed and the supernatant was bound to a
Ni-NTA resin column (Qiagen) previously equilibrated with the wash-
ing buﬀer (50 mM sodium phosphate buﬀer pH 7.8, 300 mM NaCl,
10% glycerol). The fusion protein was eluted with 500 mM imidazole
in the wash buﬀer. The 2b gene containing the FLAG peptide sequence
at the C-terminal was inserted between the EcoRI and BamHI sites in
pMAL-c2X vector (New England BioLabs) and expressed as a C-ter-
minal fusion protein with maltose-binding protein (MBP) in E. coli
BL21 cells. The expressed protein was puriﬁed with an anti-ﬂag M2
aﬃnity gel (Sigma, St. Louis, MO, USA) essentially following the man-
ufacturers protocol. For other RSSs, Potato virus Y (PVY) HC-Pro,blished by Elsevier B.V. All rights reserved.
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(HIV)-1 TAT and inﬂuenza A virus NS1 were similarly prepared as
the fusion proteins with MBP in E. coli JM109 and puriﬁed on an amy-
lose resin column (New England BioLabs) according to the manufac-
turers instruction.
2.2. Binding detection using surface plasmon resonance (SPR) assay
Binding assay to detect real time association and dissociation reac-
tions between siRNAs and RSSs were performed on a Biacore X (Bia-
core Inc., Piscataway, NJ) at 25 C as recommended by the
manufacturer. As a running buﬀer, HBS-EP buﬀer (10 mM HEPES
pH 7.4, 0.15 M NaCl, 3 mM EDTA) was used and degassed before
each use. A sensor chip SA (Biacore) containing streptavidin, which
was covalently preimmobilized to dextran, was used for the immobili-
zation of the biotinylated siRNAs. The double-stranded siRNA for
binding to a sensor chip was prepared by annealing a biotinylated oli-
gonucleotide (5 0-uugcucaacaguaugggcauu-biotin-3 0, B-Bridge Interna-
tional) containing a ﬁreﬂy luciferase (Fluc) sequence with the
complementary RNA oligomer. The surface of the chip was ﬁrst pre-
conditioned with three injections (5 ll of 50 mM NaOH/1 M NaCl)
at ﬂow rate of 5 ll/min. Flow cell 2 (Fc2) was used to immobilize siR-
NAs, while ﬂow cell 1 (Fc1) was kept as a control surface to account
for non-speciﬁc binding and bulk refractive index changes after injec-
tion of samples as suggested by the manufacturer. The siRNAs were
diluted in running buﬀer to 10 lg/ml and injected at 5 ll/min on the
sensor surface until the immobilization levels reached 700–800 reso-
nance unit (RU). P19-His or MBP-2b were diluted in HBS-EP buﬀer
at 10 lg/ml. For screening chemicals, the analyte mixture containing
a RSS at 1–3 ng/ll with or without chemical(s) were incubated, dia-
lyzed and then passed over the siRNA immobilized on the sensor sur-
face as follows. For stabilizing RSSs, BSA was added to the analyte
mixture at 0.05% (for P19) or 0.04% (for 2b). Stock solutions of a
chemical (5000 ppm) in dimethylformamide (DMF), the solvent for
the chemicals, was diluted in HBS-EP buﬀer and added to the analyte
mixture at an appropriate concentration. The ﬁnal concentration of
DMF was set below 0.5%. As a negative control, only DMF was added
at 0.5% to the analyte mixture containing a RSS. As a positive control,
we added a 21-nt siRNA derived from the GUS gene sequence at 0.1–
0.5 lM to the analyte mixture containing a RSS and 0.5%DMF. The
analyte mixture was then dialyzed to remove free chemical(s) using a
Slide A Lyzer MINI Dialysis Unit MWCO 7 K (Pierce) for 30 min
against HBS-EP buﬀer followed by another 90 min with fresh HBS-
EP buﬀer, and then 20 ll of the mixture was passed over the siRNA-
coated surface at 20 ll/min. The change in mass depending on theChemical library
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Fig. 1. Diagram of rapid screening for antiviral chemicals that inhibit viral s
the host. A mixture of 12 chemicals is incubated with viral RNA silencing su
by a surface plasmon resonance (SPR) assay for inhibition of the association
When any inhibition is detected (3), half of the chemicals in the mixture are
narrowed to a single compound (4). The candidates are double-checked for a
and to interfere with the PTGS suppression by RSSs using a transient protointeraction between siRNAs and proteins, which alter the refractive in-
dex of the medium, was recorded in real time through a sensorgram.
The time allowed for association and dissociation phase were 60 s,
respectively. The sensorgram data were corrected for non-speciﬁc bind-
ing based on the data of the control surface (Fc1). The RU was not
normalized. The surfaces between samples were regenerated by a 30-
s injection of 4.5 M guanidine–HCl at 20 ml/min until the baseline
was back to zero. For the data analysis, we used the BIAevaluation
3.1 program (Biacore).
2.3. Mobility shift assay
The activity of candidate chemicals in binding a viral RSS was
reconﬁrmed with an electrophoretic mobility shit assay (EMSA). The
viral RSS (100 ng of MBP-2b or 50 ng of P19-His) and increasing con-
centrations of a chemical compound were incubated for 30 min at
25 C in 18 ll of binding buﬀer (Pierce) supplemented with 0.005%
BSA. Then, 2 ll of biotinylated siRNAs, the same siRNAs as used
in the SPR assay, were added to the mixture and incubated for
30 min at 25 C. The incubation was stopped by adding dyes, then
the sample was loaded onto a 5% native PAGE. Protein–siRNA com-
plexes were transferred to a nylon membrane (Hybond-N+, Amer-
sham) at 380 mA for 45 min. The membrane was then cross-linked
at 120 mJ/cm2 using a UV-light cross-linker instrument. The biotinyl-
ated siRNAs were detected using a LightShift Chemiluminescent
EMSA Kit (Pierce).
2.4. Protoplast preparation and transfection
Protoplasts were prepared from leaves of Nicotiana benthamiana as
described previously with modiﬁcations [14]. Mesophyll cells were im-
mersed in an enzyme solution containing 2% Cellulase RS (Yakult
Pharmaceutical Ind. Co., Japan), 0.5% Macerozyme R10 (Yakult
Pharmaceutical Ind. Co.) and 0.5 M mannitol (Wako). After incuba-
tion at 25 C for 6 h, protoplasts were collected by centrifugation at
50 · g for 2 min, washed twice with 0.4 M mannitol solution and then
kept on ice at least for 1 h in fresh 0.4 M mannitol. We used the lucif-
erase gene as a reporter gene; Fluc was the target of PTGS and Renilla
luciferase (Rluc) was the internal control for transfection. Plasmids of
these reporter genes (pBI221Fluc and pE2113Rluc) were prepared as
reported previously [15]. Viral suppressor proteins (2b and P19) were
expressed in protoplasts from RNA transcripts, which were prepared
from the PCR-ampliﬁed RNA4A fragment of CMV [15]. As a silenc-
ing inducer, dsRNA of the Fluc gene (dsFluc) was prepared by in vitro
transcription using a PCR-ampliﬁed fragment containing the T7 pro-
moter sequence at both 50 and 3 0 ends. RNA silencing in protoplastsElectrophoretic
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or without RNA transcripts of a suppressor. Transfection of protop-
lasts was performed according to the protocol [16] with slight modiﬁ-
cations. Brieﬂy, protoplasts were resuspended in MMG solution
(0.4 M mannitol, 15 mM MgCl2, 4 mM MES pH 5.7) to a density of
2 · 105 protoplasts/ml, and 200 ll of protoplasts suspension were
mixed with plasmids or RNA transcript in 250 ll of PEG-calcium
transfection solution (40% w/v PEG 4000, 0.2 M mannitol, 0.1 M
CaCl2). After incubation for 10 min, transfection mixture were diluted
with 800 ll of cold W5 solution (154 mMNaCl, 125 mM CaCl2, 5 mM
KCl, 2 mM MES pH 5.7) and mixed well, centrifuged at 100 · g for
2 min, then the supernatant was removed. Transfected protoplasts
were subsequently incubated for 18–24 h in the dark at 25 C in 1 ml
of incubation buﬀer (72 g/l glucose, 4.6 g/l Murashige-Skoog mineral
salts, 10 g/l sucrose, 1 mg/l thiamine hydrochloride, 0.2 mg/l 2,4-
dichlorophenoxyacetic acid, pH 5.8 adjusted with KOH). A candidate
chemical (stock solution 25000–200000 ppm) was added to incubation
buﬀer at the start of incubation. The ﬁnal concentration of DMF was
set below 0.5%. After incubation, protoplasts were harvested and ana-
lyzed for the luciferase activity using Dual-Luciferase Reporter Assay
System (Promega, Madison, WI, USA).
2.5. Chemical treatment of virus-infected plants and estimation of viral
accumulation
Leaves of N. benthamiana plants (four to six) were treated with
100 ppm of NS6390 in 0.1 M phosphate buﬀer (PB) (pH 7.0) using a
syringe and incubated for about 2 h until the leaves were dried. The
leaves were then dusted with carborundum, rub-inoculated with sap
from virus-infected tissue and maintained for 2 weeks in a growth
chamber at 24 C with a 16 h-light period. TBSV was provided by Na-
tional Agricultural Research Center, Tsukuba, Japan. CMV and To-
mato aspermy virus (TAV) are maintained in our laboratory. The
CMV mutant, CMVD2b that lacks the 2b gene [17] was also included
in the inoculation experiments. Semi-quantitative RT-PCR was con-
ducted to estimate the levels of viral RNAs. Total RNAs were isolated
from the inoculated leaves at 7 days after inoculation. The cDNA frag-
ments were ampliﬁed from 400 ng of total RNAs using a virus-speciﬁc
primer set and the Takara RNA LA PCR kit (Takara-Bio). The fol-
lowing primers were used for the PCR reactions: for CMV and
CMVD2b, 5 0-GCGCGTGACCGTTGACGTCGAGCACCAAC-3 0
and 5 0-CCATCGATTGGTCTCCTTTTGGAGGCC-3 0; for TAV,
5 0-ATGGCAAGCATCGAGATC-30 and 5 0-TCATTGATCGAGA-
CACCAGTC-3 0; for TBSV, 5 0-CTATTGACAATGTGGGCACG-3 0
and 5 0-CTCCTGQATCCTCCATTCCAA-30. Semi-quantitative RT-
PCR was performed in 18–21 cycles. The levels of viruses were also
determined by enzyme-linked immunosorbent assay (ELISA) at 7 days
after inoculation.Unbound
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Fig. 2. Eﬀects of the chemicals on the association between RSSs and
siRNAs in SPR assay (upper panel) and EMSA (lower panel). (A, B)
Eﬀects of NS6390 (A) and NS5589 (B) on the association between
MBP-2b and siRNA. Line M in (A) and (B) contains maltose-binding
protein (MBP) to show MBP does not bind siRNAs. (C, D) Eﬀects of
NS6390 (C) and NS5589 (D) on the association between P19-His and
siRNA. Concentrations of the applied chemical compounds in SPR
assay were discriminated by colored curves as shown in the graphs.3. Results and discussion
To establish a screening method for the inhibitor chemicals
of viral RSSs, we used a SPR assay, which can monitor molec-
ular interaction in real time. We designed an assay to monitor
the interaction between viral RSSs and siRNAs by immobiliz-
ing siRNAs on the sensor chip and injecting E. coli-synthesized
RSSs across the surface of the chip. Considering future use in
the ﬁeld, we screened 5000 agricultural chemicals maintained
by Nippon Soda Co., Ltd. In our preliminary experiments,
we ﬁrst ﬁxed RSSs on the sensor chip surface and injected
the chemical mixture over the chip, but these experiments
failed to give good sensorgrams because of noise-signals. We
therefore adapted the following approach: the RSSs were ﬁrst
incubated with a mixture of 11 or 12 chemicals (25 ppm each),
dialyzed and applied to the sensor chip surface with immobi-
lized siRNAs. The dialysis step was very important to erase
noise-signals by separating a positive RSS-binding chemical
from free, unbound chemicals. For screening, we chose a strat-
egy to narrow down the number of potential candidate by
repeatedly testing half of the chemicals in the mixture that gavea SPR signal. Each candidate chemical was then tested for
inhibition of the association between RSSs and siRNAs
(probe) by an electrophoretic mobility shift assay (EMSA).
To further conﬁrm that the selected chemicals actually inhibit
the ability of viral RSSs at the cellular level, we developed a
transient RNA silencing assay using tobacco protoplasts.
The entire system shown in Fig. 1 enables us to screen eﬀective
antiviral agents that target viral RSSs.
The two RSSs, 2b and P19, used for inhibitor screening to
ensure the generality of our strategy, were expressed in E. coli
and column-puriﬁed (Supplementary Information (SI) Fig. 1).
Because the 2b protein was very diﬃcult to produce in E. coli
[10,18], a ﬂag-tag was added to the C-terminal and expressed
as a C-terminal fusion protein with MBP, and then the
4050 H. Shimura et al. / FEBS Letters 582 (2008) 4047–4052MBP-2b was puriﬁed on a ﬂag-aﬃnity column. For P19
expression, P19 with the C-terminal His-tag was expressed in
E. coli and puriﬁed on a Ni-NTA resin column.
For the SPR assay, we ﬁrst examined the binding conditions
between RSSs and the immobilized siRNAs on a sensor chip.
We prepared three kinds of siRNAs with a biotin label on oneTable 1
Eﬀects of NS6390 and NS5589 on the association between a viral RNA
silencing suppressor and siRNAs in surface plasmon resonance assay.
Silencing suppressor (virus)b Chemical compound
NS6390 (25 ppm) NS5589 (25 ppm)
Plant virus
2b (CMV) +++a +++
2b (TAV) +++ +++
P19 (TBSV) +++ +++
HC-Pro (TuMV) +++ n.t.c
HC-Pro (PVY) +++ n.t.
Animal virus
TAT (HIV-1) +++ (40 ppm) + (40 ppm)
NS1 (Inﬂuenza A virus)d ++ (50 ppm) –
a+++: >70% inhibition, ++: 50–70% inhibition, +: 30–50% inhibition,
–: <30% inhibition.
bExcept for P19, viral suppressors were produced as a fusion protein
with MBP.
cNot tested.
dThe RNA-binding domain (N-terminal 73 amino acids) of NS1 was
fused to MBP.
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Fig. 3. Eﬀects of chemicals on the viral RSS activity in protoplast assay. (A)
C) Eﬀects of NS5589 on RSS activity of 2b (B) and P19 (C). (D) Eﬀects of N
P19. Protoplasts were co-transfected with pBI-Fluc (0.3 lg), pE-Rluc (0.3 lg
transcript); details are described in Section 2. Presence (+) or absence ()
incubated in the absence (open bars) or presence (closed bars) of a candidate c
(D), the expression levels of Fluc exceeded the basal level of the Fluc expressio
in the absence of dsFluc. A similar observation was reported previously [23].
Fluc by that of Rluc. Results are means with standard deviations (S.D.) f
presence and absence of each chemical was calculated with Students t-test (*P
that there was no adverse eﬀect on expression and silencing of the Luc genestrand: the 5 0-biotinylated, 3 0-biotinylated 21-nt siRNAs (Luc-
340-5 and Luc-340-3, respectively) and the 21-nt siRNAs with
a biotin label inside of the molecule (4th position from the 5 0
end), Luc-340-c. Compared to the other two chips, the chip
with Luc-340-3 resulted in more stable binding signals for both
2b and P19 (Supplementary Information (SI) Fig. 2). The Kd
values for the recombinant suppressors (P19-His and MBP-
CMV2b) to Luc-340-3 were estimated to be 15.7 nM and
85.1 nM, respectively, suggesting that the aﬃnities are reason-
ably high to ensure screening of strong inhibitors. We actually
obtained good sensorgrams in the interactions between Luc-
340-3 and several other viral RSSs including animal RSSs,
TAT and NS1 (Supplementary Information (SI) Fig. 3). Be-
cause viral RSSs have been shown to interact with some host
factors (i.e. AGO1 for 2b [19], rgs-CaM for HC-Pro [20]) other
than dsRNAs, this in vitro assay and screened chemicals can
be used as a tool to study how silencing is controlled by diﬀer-
ent complexes formed between RSSs and their binding mole-
cules including siRNAs.
For the binding competitor, we used the 21-nt siRNA de-
rived from the GUS gene sequence and incubated it with RSSs
before injection, resulting in apparent inhibition of the interac-
tion between the RSS and immobilized siRNAs on the sensor
chip (red line in Fig. 2). After intensive screening of the 5000
chemicals, we ﬁnally obtained eight candidate inhibitors. Inhi-
bition activity of the candidate chemicals in each screening step
was also conﬁrmed in EMSA and a representative result was
showed in Supplementary Information (SI) Fig. 4. A positiveC
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Fig. 4. Eﬀects of NS6390 treatment on severity of disease symptoms
after viral infection and semi-quantitative RT-PCR analysis of viral
RNAs. Mean severity after inoculation with CMV (A), TBSV (B),
TAV (C) and CMVD2b (D) were assessed on NS6390-treated plants
and mock-inoculated plants. Closed symbols represent NS6390 treat-
ment (100 ppm) and open symbols represent mock (PB)-treated plants
as control. No visible adverse eﬀect was found in the both treatments.
Plants were scored for visual disease symptoms using a 0–3 scale for
CMV and a 0–4 scale for TBSV and TAV. 0 = no disease symptoms
for all viruses. CMV: 1 = chlorotic spots; 2 = mosaic on one upper leaf;
3 = mosaic on two or more upper leaves. TBSV: 1 = vein clearing on
one upper leaf; 2 = vein clearing on two upper leaves; 3 = vein clearing
on three upper leaves; 4 = vein banding. TAV: 1 = mosaic on one
upper leaf; 2 = chlorosis; 3 = severe mosaic; 4 = mosaic on two or
more upper leaves. RNAs were isolated from two individual plants and
compared by semi-quantitative RT-PCR (18–21 cycles). The results are
shown below each graph.
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chemicals to the ﬁnal step of a single chemical, suggesting that
our method indeed worked well as a screening strategy.
Among the candidate chemicals, relatively strong inhibitors
(NS6390, NS5589 and NS3455) were selected for further anal-
ysis. The representative sensorgrams indicating dose-depen-
dent inhibition of 2b and P19 by NS6390 and NS5589 are
shown in Fig. 2. Both compounds were also eﬀective in inhib-
iting several other viral RSSs (Table 1), suggesting that this
in vitro method is an eﬃcient ﬁrst screening for RSS inhibitors
against not only plant viruses but also animal viruses. Consid-
ering that viral RSSs use a common strategy to bind dsRNAs,
it is conceivable that an inhibitor can bind several RSSs
although there is little sequence similarity among the RSSs.
The SPR results are consistent with the EMSA results. When
increasing concentrations of chemicals in the same volume of
solution were added to the binding reactions that contained
a constant amount of a RSS and the labeled siRNAs, the de-
tected RSS–siRNA complex accordingly decreased (Fig. 2).
Taken together, the results of the two assays (SPR and EMSA)
suggest that the selected chemicals can eﬃciently inhibit the
association between a viral RSS and siRNAs in vitro.
To conﬁrm our in vitro results, we successfully developed a
protoplast-based assay to assess the eﬀect of the chemicals on
the RSS activity at the cellular level. When several RSS genes
were used to transfect tobacco protoplasts together with the re-
porter genes (Fluc and Rluc) and silencing inducer (dsRNA of
Fluc [dsFluc]), all RSSs enhanced the expression of Fluc in the
presence of dsFluc, indicating that they are potent suppressors
in protoplasts (Supplementary Information (SI) Fig. 5). To as-
sess the eﬀect of a chemical on RSS activity, we judged that the
compound was indeed eﬀective when the Luc activity elevated
by an RSS was reduced after incubating the protoplasts in the
compound-containing buﬀer (Fig. 3A). As representative re-
sults show in Fig. 3B–E, the RSS activities were reduced by
13–33%. This level of reduction in the RSS activity was actu-
ally comparable to the diﬀerence in the suppressor activity be-
tween the two 2b proteins (A2b and R2b) of the attenuated
and virulent isolates, suggesting that 30% inhibition of the
suppressor activity is enough to attenuate viral symptoms
(Supplementary Information (SI) Fig. 6). As in a SPR assay
and EMSA, we also observed dose-dependent inhibitions of
2b and P19 by the chemical treatment in the protoplast assay
(data not shown).
To examine whether these compounds are eﬀective in planta,
we treated tobacco plants with those chemicals. For example,
NS6390 was eﬀective in decreasing viral accumulation in the
inoculated leaves and delaying symptom development on
plants infected with the three tested viruses but not eﬀective
against the CMV mutant that lacks the 2b gene (Fig. 4, Sup-
plementary Information (SI) Fig. 7). Consequently, the inocu-
lation experiment suggests that an RSS inhibitor can be
eﬀective against several plant viruses.
All the selected chemicals are more or less negatively
charged. When substituted with hydroxyl, oxo or carboxylic
acids, these compounds contain acidic groups such as a car-
boxylic acid or enol, showing strong acidity and inhibition of
RSSs. One of the compounds (e.g., NS6390) was prepared
by the oxidation of croconic acid with peroxy acids. These sug-
gest that the chemicals would interact with the positively
charged residues of the RNA-binding domains in viral RSSs
[21–22]. To clarify the inhibition mechanism of those chemi-cals, we are now trying to identify the active forms because
the screened chemicals still contained some breakdown prod-
ucts generated in the storage period and/or the preparation
steps, and very minor contaminants from the synthesis process.
In summary, we developed a novel screening system to ex-
plore antiviral agents that target viral RSSs. We consider that
this system can be adapted for use with a wide range of plant
viruses. Furthermore, the system can probably be adapted for
animal viruses possessing the dsRNA-binding RSSs to sup-
press RNA silencing, by developing an assay system using ani-
mal cultured cells instead of plant protoplasts.
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